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Abstract We used a population biological approach to
assist our understanding of the evolution of behaviour,
with island bumblebees as our model system. The
widespread European species Bombus terrestris occurs
on all major Mediterranean, and some Atlantic islands.
Bees from diﬀerent populations diﬀer in a variety of
behavioural traits, including ﬂoral colour preferences,
ﬂower detection, and learning behaviour. We attempted
to correlate these behavioural diﬀerences with each
population’s environment, but could not ﬁnd straight-
forward adaptive explanations. We also performed re-
ciprocal transplant studies to compare nectar foraging
performance of bees from three diﬀerent populations,
but found that non-native bees consistently outcompet-
ed native bees. Thus, we consider genetic drift, exapta-
tion, and pleiotropy as possible alternative explanations
to a strictly adaptive explanation for between popula-
tion behavioural diﬀerences in bumblebees.
Keywords Genetic drift Æ Colour vision Æ Learning Æ
Body size Æ Flight speed Æ Flower colour
Introduction
We introduce island bumblebees (Bombus terrestris L.) as
a model system to understand the evolution of behav-
iour. We propose that such a population biological ap-
proach might provide key insights to the relative
importance of adaptation, genetic drift and history in
shaping behavioural traits (Chittka et al. 2001; Dornhaus
and Chittka 2004). Small populations might adapt more
readily to local conditions, whereas in large populations,
gene ﬂow across long distances may prevent local adap-
tation (Ford 1955; Stanton and Galen 1997). On the
other hand, eﬀects of evolutionary chance processes will
be more manifest on islands than in large mainland
populations (Adkison 1995; Barton 1998). Bumblebee
island populations have probably been exposed to bot-
tlenecks (Widmer et al. 1998). Bottlenecks provide tem-
porary conditions under which genetic drift may
‘‘outcompete’’ selection, so that a deleterious allele may
become more common. However, this also means that
the kind of chance processes expected in island bumble-
bees may help to cross adaptive valleys, and therefore
give rise to new evolutionary innovations that would be
unlikely to occur in large and stable populations (Barton
1984). With this in mind, we tested a variety of popula-
tions of B. terrestris (both from the mainland and several
islands) in several behavioural paradigms (Fig. 1). Our
ﬁrst question was whether there were between population
diﬀerences in behaviour at all, indicating evolutionary
plasticity. We then explored whether such diﬀerences
would reﬂect adaptation to diﬀerent environmental
conditions, or if they might be the results of evolutionary
chance, pleiotropy, or history. We also searched for new
evolutionary innovations that might ﬁrst arise in island
populations exposed to repeated bottlenecks.
Distribution and colouration of B. terrestris
Bombus terrestris is a widespread pollinator species in
Europe and adjacent territories. It occurs in North Africa
as well as all southern, central and eastern European
countries; its eastern boundary seems to stretch from the
Ural Mountains through the Caucasus to Israel. It also
occurs in southern Scandinavia and throughout the
British Isles. It is the only bumblebee species that has
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colonised all major Mediterranean Islands, and some
Atlantic Islands (Madeira, and all of the Canary
Islands except Fuerteventura and Lanzarote) (Estoup
et al. 1996; Widmer et al. 1998). The island populations
of B. terrestris are genetically diﬀerentiated from each
other and from the mainland population, whereas the
entire mainland population appears to be genetically
more homogenous (Widmer et al. 1998). This is also
apparent in their colour coats: there is little diﬀerentiation
in the mainland European population of B. terrestris
terrestris, but some of the island populations look so
diﬀerent that they might be taken for diﬀerent species.
B. terrestris canariensis from the Canary Islands and
B. terrestris xanthopus entirely lack the yellow bands of
the mainland B. t. terrestris. B. t. canariensis has a white
tip of the abdomen (Fig. 2b), whereas B. t. xanthopus has
a red-brownish tip, and also brown (rather than black)
legs (Fig. 2e).B. terrestris sassaricus combines brown legs
with a lack of the yellow band of on the thorax in workers,
whereas the yellow band is present in males (Fig. 2c, d).
Yet, members of all these populations can be interbred,
and can therefore be considered one biological species
(Fig. 2d; Chittka and Wells 2004; DeJonghe 1986).
Unfortunately, the diversity of bumblebee popula-
tions is currently under threat from indiscriminate im-
port of bee colonies for commercial greenhouse
pollination. Bombus terrestris dalmatinus (from the
Balkans, Greece and Turkey) is currently being shipped
to crop growers throughout Europe including Sardinia
and the UK (where a diﬀerent subspecies, B. t. audax, is
native). Sardinian B. t. sassaricus has long been shipped
to southern Europe, and there is anecdotal evidence that
these bees are now established in southern France (P.
Rasmont, personal communication). Thus, there is a
severe danger that the behavioural and sensory diﬀer-
ences between bumblebee populations may soon vanish
because of grand-scale commercial movement of bum-
blebees, with very little concern for preserving fragile
island pollination systems.
Innate colour preferences
We started our investigations by looking at a behavio-
ural trait that can be easily quantiﬁed for large numbers
of individuals, colonies and populations: the innate
colour preferences of B. terrestris. Many newly emerged
insects, that have never seen ﬂowers, prefer certain col-
ours over others (Chittka and Wells 2004). Such innate
colour preferences help naive insects to ﬁnd food and,
possibly, to select proﬁtable ﬂowers among those avail-
able. Floral preferences can be overwritten by learning
to some degree, but there is evidence that in some situ-
ations (for example when rewards are similar across
ﬂower species), bees will revert to their initial preferences
(Banschbach 1994; Heinrich et al. 1977). A commonly
accepted hypothesis is that these innate preferences re-
ﬂect the traits of local ﬂowers which are most proﬁtable
for bees.
We tested innate colour preferences of colonies ob-
tained from eight populations. Three colonies of B. t.
terrestris from Holland were obtained from Koppert
Biological Systems (Holland), B. t. terrestris from Ger-
many (20 colonies raised from queens caught in the wild),
B. t. dalmatinus from Israel (from Kibbutz Yad Mordec-
hai, Israel; ﬁve colonies), Turkey (obtained from Bunting
Brinkman Bees, Belgium; ﬁve colonies) and Rhodes (ﬁve
colonies raised from queens caught in the wild, provided
by Koppert Biological Systems), B. t. sassaricus from
Sardinia (ﬁve colonies purchased from Koppert Biologi-
cal Systems, one raised from a queen caught in the wild),
B. t. xanthopus from Corsica (three colonies raised from
queens caught in the wild), and B. t. canariensis from the
Canary Islands (ﬁve colonies purchased from Koppert
Biological Systems, one raised from a queen caught in the
wild). All colonies were laboratory raised, i.e. their
workers had never been exposed to ﬂowers or colours
prior to experiments. Nest boxes were connected to a
ﬂight arena (120 cm · 100 cm · 35 cm), where foragers
were allowed to forage for sucrose solution from clear,
UV-transmitting Plexiglas squares (25 mm · 25 mm)
placed on clear glass cylinders (Ø=10 mm; 40 mm
height). Foragers were individually marked with Opalith
number plates. Workers were then removed from the
arena, and 18 unrewarded ﬂowers with six colours (i.e.
three ﬂowers of each colour) were set up at random
positions in the arena. The ‘‘ﬂowers’’ were painted Plexi-
glas squares on glass cylinders (dimensions as above).
Only one forager at a time was admitted into the arena for
Fig. 1 Schematic drawing of basic setup for laboratory behavio-
ural experiments reported here. A nestbox, which contains the bee
colony, is connected to a ﬂight arena via a clear Plexiglas tube. The
arena contains one or more types of artiﬁcial ﬂowers, which can
diﬀer in colour and reward amounts. Flowers were positioned at
random coordinates on the arena ﬂoor. For most experiments,
ﬂowers were plastic chips of 25 mm·25 mm with a central well,
placed on a glass peduncle. For experiments measuring detection
times, circular ﬂowers were placed ﬂat on the arena ﬂoor (without a
peduncle). Figure design courtesy of R.B. Lotto
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testing, and each forager was tested only for a single for-
aging bout.
We gave individuals a choice between the colours
violet (bee UV-blue), blue (bee blue), white (bee blue-
green), yellow, orange and red (all bee green). All
populations preferred colours in the violet to blue range
of the spectrum, but there were some diﬀerences in the
relative preference for violet and blue (Fig. 3). Some
island populations, however, exhibit an additional red
preference (Chittka et al. 2001). In B. t. sassaricus, this
preference is stronger than that for blue colours in some
colonies, and is highly signiﬁcant in all colonies. In B. t.
canariensis, ﬁve of six colonies tested showed a signiﬁ-
cant preference for red over yellow and orange. Thus,
there clearly is evolutionary plasticity in ﬂower colour
preference within B. terrestris, and tests with laboratory-
bred oﬀspring colonies show that the between popula-
tion diﬀerences are heritable (Chittka and Wells 2004).
Adaptive explanations for flower colour preferences?
Could the consistent preference for violet and blue col-
ours be a reﬂection of the proﬁtability of ﬂowers with
these colours? Indeed, in an investigation of 154 ﬂower
species from a nature reserve near Berlin, violet and blue
ﬂowers oﬀered high nectar rewards with the highest
probability (Giurfa et al. 1995). However, in that study,
ﬂoral nectar production rates were not actually mea-
sured, but were categorised into high and low nectar
plants according to beekeeping literature. In order to
obtain a more direct assessment of the nutritional
quality of ﬂowers with diﬀerent colours, we measured
the colours and nectar production rates of ﬂowers in the
vicinity of Wu¨rzburg (59 species) and in Sardinia (region
of Monte Padru; 56 species). In both of these regions,
UV-blue ﬂowers and blue ﬂowers were those with the
highest nectar rewards (Fig. 4; Schikora 2001). The most
highly rewarding (and also most heavily visited) species
in Sardinia was UV-blue Borago oﬃcinalis in the
spring (Schikora 2001). In autumn, Arbutus unedo, with
white-pink (bee blue-green) ﬂowers, was the only species
visited.
To be sure, we need data from more habitats, but the
overall picture that appears to emerge is that violet (bee
UV-blue) and blue (bee blue) ﬂowers appear to produce,
on average, more nectar than species with ﬂowers of
other colours. Thus, the consistent preference for such
Fig. 2a–e Colour coat variation in B. terrestris populations. a Two
B. t. terrestris workers, displaying the typical colour coat found on
the mainland. Number labels are attached to the bees for individual
recognition. b Worker from the Canary islands, B. t. canariensis,
entirely lacking the yellow bands (photo by A. Dornhaus, with
permission). c Worker from Sardinia, B. t. sassaricus, with brown
legs and an absence of a yellow band on the thorax. d A German
B. t. terrestris queen mating with a Sardinian B. t. sassaricus male.
Males from the Sardinian population retain the yellow band on the
thorax, but have brown legs like the workers. e Worker from
Corsica, B. t. xanthopus, with a brown abdomen and brown legs,
and no yellow bands (photo by P. Rasmont, with permission)
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colours in a variety of bumblebee populations appears to
be adaptive.
But can we also ﬁnd an adaptive reason for between
population diﬀerences in colour preferences? An obvious
adaptive explanation for why Sardinian and Canary
island bumblebees prefer red, UV-absorbing ﬂowers,
might be that such ﬂowers occur in these islands more
commonly (and provide more nectar) than in the other
habitats. Therefore we measured ﬂower spectral reﬂec-
tance of large numbers of plant species in a variety of
locations (Germany: Nature Reserve Lange Dammwie-
sen, Brandenburg (Gumbert et al. 1999), and from the
vicinity of Wu¨rzburg, Bavaria; Sardinia: Monte Padru,
Nurra and Sassarese, Monte Arci and Costa Rei; Nor-
way: Dovrefjell) (Schikora 2001). We compared these
with a published dataset from Mediterranean habitats in
Israel (Menzel and Shmida 1993) (Fig. 5).
Red, UV absorbing ﬂowers were rare in all of these
locations (Schikora 2001; Schikora et al. 2002) (Fig. 5).
The highest prevalence was in Israel, were ﬁve species
were found (out of over 100). In Israel, however, bum-
blebees do not show red preference, and the red ﬂowers
there appear to be predominantly visited by beetles
(Dafni et al. 1990). In Sardinia (where bumblebees
showed the strongest preference for red ﬂowers), we
found only a single red, UV-absorbing ﬂower species
(Adonis annua). Four other red species (Anagallis arv-
ensis, Papaver rhoeas, Lathyrus cicera, Tetragonolobus
purpureus) reﬂect UV light strongly, and another red
species had a reﬂectance peak in the blue (Fumaria
capreolata). Conspicuously, most of the red species
(including those that reﬂect UV) in all habitats tested are
pollen-only ﬂowers which do not contain any nectar
(Dafni et al. 1990). This includes several red Papaver
species, and some Ranunculaceae, including Adonis an-
nua in Sardinia and Ranunculus asiaticus in Israel.
Thus, the red preference of the Sardinian bees (B. t.
sassaricus) is certainly not explicable in terms of nectar
foraging, the behavioural context in which we tested our
foragers: we tested only workers which had been previ-
ously observed as nectar foragers, and had been fed
pollen ad libitum into the nest (thus removing their need
to forage for pollen). Red ﬂowers possibly still represent
a useful pollen source, despite their low species numbers.
However, there is no reason to expect that the impor-
tance of such ﬂowers is higher in Sardinia than at the
other sites tested.
The Canary Islands harbour several orange–red ﬂower
species. These are possibly relics of a Tertiary ﬂora, and
some seem strongly adapted to bird pollination (Vogel
et al. 1984). Bird visitation has been observed in at least
some of these species, but it is unknown whether bees use
them (Olesen 1985). Thus, we are left with an interesting
observation: ﬂower colour preferences are clearly vari-
able withinB. terrestris, but we cannot easily correlate the
colour preferences in diﬀerent habitats with diﬀerences in
local ﬂower colours. The possibility that genetic drift has
produced the colour preferences in some island popula-
tions therefore deserves serious consideration.
Fig. 3 Biogeography of ﬂoral colour preferences in B. terrestris.
Bees were individually oﬀered the colours: V violet (bee UV-blue),
B blue (bee blue),W white (bee blue-green), Y yellow, O orange, R
red (the latter three are bee green). Column height denotes the
mean (±1 SE) of colony choices. At least ﬁve colonies were tested
per population. The shaded area shows the distribution of B.
terrestris (this range was provided with kind permission of P.
Rasmont). Numbers of workers tested were (with number of
choices in brackets): B. t. from Holland: 125 (1,870), B. t. terrestris
from Germany: 399 (9,670), B. t. dalmatinus from Israel: 156
(5,731), B. t. dalmatinus from Rhodes; 150 (5,335); B. t. dalmatinus
from Turkey: 120 (3,401); B. t. sassaricus from Sardinia 185 (6,500),
B. terrestris xanthopus from Corsica: 88 (3,428), and B. t.
canariensis from the Canary Islands 179 (4,540)
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An alternative explanation is that colour preference
in the context of feeding is a pleiotropic by-product of
colour preference in species recognition or mate choice
(Smith et al. 2004). Could red preference in some
bumblebee species be explained by the fact that red is an
important component in these bees’ coat colour?
Unfortunately, this explanation is unlikely, since the
strongest component of red in the body colouration of
B. terrestris occurs in Corsica (Fig. 2e), where bees show
no red preference. On the other hand, bees from the
Canary islands show a relatively strong preference for
red, but their coat colour lacks red entirely (Fig. 2b).
Generally, it appears that coat colouration in bumble-
bees is largely aposematic, rather than being used for
within species signalling (Plowright and Owen 1980).
Red vision in island bumblebees?
Most solitary and all social bee species tested to date
possess only UV, blue and green receptors (Briscoe and
Chittka 2001). Red ﬂowers, therefore, are harder to
detect for mainland B. terrestris workers than ﬂowers of
other colours (Spaethe et al. 2001). Why would bees
preferentially visit ﬂowers which are hard to make out?
Could it be that the red preference in some island bee
populations is explained by the presence of specialised
red receptors? In a ﬁrst approach, we compared workers
from two populations, B. t. terrestris and B. t. sassaricus
in a behavioural paradigm. We measured the time taken
by a worker to detect for red ﬂowers of two sizes in a
ﬂight arena (see Spaethe et al. 2001). B. t. sassaricus
workers were not signiﬁcantly faster at detecting large
red ﬂowers (28 mm; Mann Whitney U=9; P=0.180)
but they were substantially faster for small ﬂowers
(15 mm; U=2; P=0.032: Fig. 6). This means that the
red-preferring Sardinian bumblebees (B. t. sassaricus)
are in fact better at detecting small red ﬂowers, which is
consistent with the interpretation that they have higher
sensitivity at longer wavelengths (i.e. to red light).
However, there are alternative explanations. One pos-
sibility could be that they simply ﬂy faster, but this is not
the case (see below). It is also conceivable that the optics
of Sardinian bees’ eyes are superior to those of mainland
bees, especially so since they have a larger average body
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Fig. 4 Nectar production rates for ﬂower species in six bee-
subjective colour categories. Flowers were protected from visitation
with gauze for 3 hafter emptying. Thennectar volumewasquantiﬁed
for at least 30 ﬂowers per species; nectar concentrationwasmeasured
with a pocket refractometer (Atago, HSR-500). Note that produc-
tion is given over 24 h, not themeasured 3 h period.Numbers next to
columns are numbers of species tested in each colour category
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Fig. 5 Frequencies of plant
species from Germany,
Sardinia, Norway and Israel in
seven bee-subjective colour
categories: U UV, U-B UV-
blue, B blue, B-G blue-green, G
green, U-G UV-green, uncol
uncoloured. The overall pattern
appears similar across habitats.
Red ﬂowers (with UV
reﬂectance below 7%) are
indicated in white
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size, which is correlated with eye optical quality both
within populations (Spaethe and Chittka 2003), and
across species (Jander and Jander 2002). Clearly, we
need intracellular measurements of photoreceptor spec-
tral sensitivity to conﬁrm the suspicion that Sardinian B.
terrestris have specialised red receptors.
Learning ability
We also explored whether there might be between pop-
ulation diﬀerences in learning ability. Since ﬂoral re-
wards diﬀer strongly among plant species and vary over
time, bees need to assess such diﬀerences, and respond
accordingly. For this reason, learning ﬂoral traits such
as colour, pattern and scent, are vital to eﬃcient forag-
ing (Chittka et al. 1999). We tested bumblebees in a
simple foraging situation in which they had to distin-
guish yellow, rewarding artiﬁcial ﬂowers from blue,
unrewarding ones (Chittka and Reinhold 1999). Bees
were raised entirely in the laboratory and were therefore
unbiased by previous experience at the start of the
experiments. A nest box was connected to a ﬂight arena,
in which workers were pre-trained to bi-coloured blue
and yellow plastic chips with a central well to hold
‘‘nectar’’ rewards. During training, individual workers
encountered ten blue and ten yellow artiﬁcial ﬂowers.
The yellow ﬂowers contained 15 ll of sucrose solution
(50% volume), while blue ﬂowers were empty. The bees’
choices of ﬂower were recorded and errors (visits to the
unrewarding colour) were evaluated as a function of the
total number of ﬂowers visited (Fig. 7). First order
exponential decay functions are ﬁtted to the data from
each individual, using the following formula in Microcal
Origin (Chittka and Thomson 1997):
y ¼ y0 þ Aeðxx0Þ=t
where y0 is the Y oﬀset, the asymptotic value of the Y
value (handling times in our case) for large X values; x0
is the X value at which the curve starts (in our case the
trial number at which a treatment starts); t is the decay
constant (it is small when the curve approaches y0 rap-
idly, and large when the slope is shallow); t is thus a
measure of the learning speed. A is the amplitude; it
speciﬁes the height of the curve above y0. Here we focus
on t, which is a direct indicator of learning speed: high
values of t correspond to slow learning, whereas low t
values are generated by fast learners.
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Fig. 7a–c Learning behaviour of bees at artiﬁcial ﬂowers. Learning
curves of a relatively slow learning individual bee (a) and a
relatively fast one (b) These were generated from bees foraging in a
ﬂight arena with rewarding, yellow and unrewarding, blue artiﬁcial
ﬂowers. Each individual bee’s choices of ﬂower were recorded and
errors (visits to the unrewarded ﬂower colour) were evaluated as a
function of the total number of ﬂowers visited. c Learning speed in
two B. terrestris populations: B. t. terrestris from the European
mainland, and B. t. canariensis from the Canary islands. t the decay
constant is small for rapid learners, and high for slow learners.
Each column represents the mean value for one colony, and error
bars show the interindividual variance (±1 SD)
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We tested workers from seven colonies from the
European mainland (B. t. terrestris; Germany) and
compared their performance with three colonies from
Tenerife (B. t. canariensis). At least 15 workers were
tested per colony. There were intriguing diﬀerences both
within and between populations (Fig. 7). Bumblebees
from the Canary Islands tend to learn more slowly than
those from Germany, although they were not outside the
variation exhibited by mainland colonies. Since all col-
onies were raised under identical conditions, it is likely
that the observed diﬀerences are genetically determined.
At present, it is unclear whether the between population
diﬀerence might be adaptive or it might have arisen
through evolutionary chance. We need to study the
‘‘pollination market’’ in the Canary Islands in more
detail, to see if, for example a high nectar supply by very
few plant species makes rapid learning less crucial.
Foraging performance and reciprocal transplant
experiments
In the preceding paragraphs we attempted to search for
adaptive explanations for observed between-population
behavioural diﬀerences by searching for elements in each
population’s habitat which might have favoured these
diﬀerences. A more direct way of testing the adaptiveness
of each population’s behaviour is by testing their foraging
performance under natural conditions. A necessary cor-
ollary of the notion that eachpopulation is best adapted to
foraging in its own habitat is that native bees should
outcompete colonies from other populations in terms of
foraging performance in their native environment.
Therefore, we set up a reciprocal transplant experiment in
which we compared the foraging performance of B. t.
terrestris from central Europe with B. t. sassaricus from
Sardinia and B. t. canariensis from Tenerife. All colonies
were obtained from commercial breeders (Koppert Bio-
logical Systems and Bunting Brinkman Bees). They had
been raised under identical conditions, with ad libitum
provision of nectar and pollen. We therefore conjecture
that between-population diﬀerences in foraging perfor-
mance, if any, are genetically determined. Colonies were
in comparable stages for all experiments, i.e. colonieswere
young and vigorous, and had 30–50workers at the start of
the experiments.
We measured nectar collection rate (weight of nectar
collected per unit foraging time) in three sites: Costa Rei
(southern Sardinia, autumn 2000), Monte Padru (Gall-
ura; northern Sardinia, spring 2001), and near Wu¨rz-
burg (Germany, summer 2002). In three sites, the
foraging performance of nine colonies (three from each
population) was tested. All foragers were individually
marked, their ﬂight departure and arrival times and
weights were noted. There was no selection of foragers
to be tested, i.e. we simply monitored all bees that vol-
unteered to forage.
We expected that Sardinian B. terrestris would per-
form better in their native Sardinian habitats than
German bees and those from the Canary Islands. Like-
wise, we expected that mainland B. terrestris would be
superior foragers in their native Germany. We also
predicted that B. t. canariensis, not native to either of
these sites, would perform most poorly. Surprisingly,
however, B. t. canariensis performed best at all three
sites. B. t. sassaricus consistently came second, but per-
formed better than German B. t. terrestris not only in its
native Sardinia, but also at the German experimental
site (Fig. 8; T.C. Ings, J. Schikora and L. Chittka,
unpublished). Thus, our hypothesis that each population
is best adapted to its native habitat in terms of foraging
behaviour cannot be upheld.
Differences in body size
One possible explanation for between-population dif-
ferences in foraging performance could be that members
of diﬀerent populations diﬀer in body size, since body
size is a good predictor of foraging rate within popula-
tions (Goulson et al. 2002; Spaethe and Weidenmu¨ller
2002). We measured body mass for all foragers tested,
since mass is highly correlated with size (Goulson et al.
2002). Indeed, it turns out that body sizes of the three
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Fig. 8 Box and whisker plots comparing the nectar foraging rates
of individual workers from three populations of B. terrestris in
Sardinia during the autumn of 2000 (T.C. Ings, J. Schikora and L.
Chittka, unpublished).White boxes represent B. t. canariensis, light
grey boxes represent B. t. sassaricus and hatched boxes represent B.
t. terrestris. The thick bar in each box represents the median, the
lower and upper edge of the boxes represent the lower (25%) and
upper (75%) quartiles respectively. Whiskers represent the maxi-
mum and minimum values that are not outliers. Empty circles
indicate outliers and stars extreme values. Foraging rates are given
as amount of nectar (mg) collected per unit time (hour) by marked
bees. As foraging performance of individual bees can vary, only
mean nectar foraging rates of marked bees observed foraging on
three or more occasions were used in the analysis. Cohorts
represent three sets of experiments carried out sequentially at each
location and are treated separately. This is because NFR diﬀered
signiﬁcantly between cohorts, possibly reﬂecting changes in ﬂoral
resources and climatic factors
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populations tested fall into the following order: B. t.
canariensis > B. t. sassaricus > B. t. terrestris (Fig. 9),
i.e. exactly the same rank order as that established for
foraging rates. These body size diﬀerences are not a
consequence of variation in foraging performance: all
colonies were fed pollen and nectar ad libitum prior to
the onset of tests with freely foraging bees. The duration
of tests with individual hives was shorter than the min-
imum development time for workers (about 3 weeks
from newly laid eggs to eclosion—Heinrich 1979); thus
worker sizes could not be a result of foraging perfor-
mance during the period of testing.
These results show that worker size is an important
factor in determining the foraging intake of a bumblebee
colony, in fact, perhaps so important that between-
population diﬀerences in forager size may obscure the
eﬀects of other traits, such as those of colour preference
or foraging performance. Why are larger foragers better
nectar harvesters? One well established factor is visual
acuity: a one third increase in body size is paid oﬀ by a
doubling in precision of ﬂoral detection (Spaethe and
Chittka 2003), so that large foragers can save valuable
foraging time by being better at both detecting ﬂowers
from longer distances, and detecting smaller ﬂowers.
It has also been suggested that superior nectar foraging
rates in larger workers could be due, at least in part, to
larger bees being able to ﬂy faster (Goulson et al. 2002;
Spaethe and Weidenmu¨ller 2002). It is therefore possible
that ﬂight speeds could explain the diﬀerences in nectar
foraging rates we observed between populations. How-
ever, in an experimental study of ﬂight speeds of B. t.
terrestris and B. t. sassaricus over three spatial scales (0.3,
1 and 50 m) we did not ﬁnd support for this hypothesis
(Stu¨ber 2002). At the smaller spatial scales (0.3 and 1 m)
there was signiﬁcant variation in ﬂight speeds between
colonies and populations, but at the 0.3 m scale B. t.
sassaricus ﬂew slightly faster than B. t. terrestris with the
opposite occurring at 1 m. At the largest scale (50 m) no
signiﬁcant diﬀerences in ﬂight speeds were observed be-
tween colonies or populations. Similar inconsistencies
across spatial scales were apparent when examining the
eﬀects of body size on ﬂight speed. For example a signif-
icant positive correlation was observed between ﬂight
speed and forager mass of B. t. sassaricus at the 0.3 m
scale, but at the larger scales (1 and 50 m) negative rela-
tionships (only signiﬁcant at 1 m scale) were observed. In
contrast, no relationship between ﬂight speed and forager
masswas observed at the 0.3 mscale forB. t. terrestris, but
at larger scales (1 and 50 m) heavier workers tended to ﬂy
faster (only signiﬁcant at 1 m scale). Therefore, although
some signiﬁcant trends between body size and ﬂight speed
were observed, it appears that larger workers are not
consistently faster ﬂiers (Stu¨ber 2002).
But why are island foragers larger in the ﬁrst place?
In general, small bodied animals tend to be larger on
islands than on the mainland (‘‘Island Rule’’; Foster
1964). Palmer (2002) showed that beetle body size in-
creases with island size to an optimum, and then sub-
sequently decreases with further increases in island size.
Favoured explanations for the island rule are that eco-
logical release from predators and competition leads to
an initial increase in body size, whilst resource limitation
leads to size reductions at larger island size (Brown and
Lomolino 1998). Clearly we need data on resource
availability and predation levels on islands and the
mainland to resolve this issue.
Conclusion
Our analysis reveals several behavioural diﬀerences be-
tween populations of the bumblebee B. terrestris, for
example in colour preference, learning speed, and ﬂoral
detection. Such diﬀerences show that these behavioural
traits are evolutionarily plastic: hence there is the pos-
sibility for adaptation to local conditions. This should
make our study system, bumblebee island populations,
an ideal model to study behavioural adaptation. Islands
are natural laboratories, which have provided major key
insights for many evolutionary biologists. Some of the
observed behavioural diﬀerences, however, defy simple
adaptive explanations. For example, population diﬀer-
ences in red ﬂoral preferences do not show a clear cor-
relation with the local frequency or proﬁtability of red
ﬂowers. The possibility that these population diﬀerences
are the result of evolutionary chance processes needs to
be taken seriously. Other observed diﬀerences, for
example those in learning ability, still await adaptive
explanations. One direct test of adaptation to local
conditions, the reciprocal transplant experiment, did not
reveal a pattern by which native bees outcompete those
introduced from diﬀerent habitats. Instead, worker body
mass was a strong determinant of foraging performance
across habitats. Worker size, however, might be under
selective pressures wholly unrelated to foraging, for
example predator pressure (Dukas and Morse 2003), so
rs = 0.524, P < 0.01
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Fig. 9 Scatter plot of nectar foraging rate against body mass of
individual workers (T.C. Ings, J. Schikora and L. Chittka,
unpublished). Grey squares, B. t. terrestris; open circles, B. t.
sassaricus; ﬁlled circles, B. t. canariensis
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that apparent foraging adaptations may in fact be ex-
aptations (i.e. the result of traits evolved for other pur-
poses). In conclusion, our population biological
approach to the evolution of behaviour has yielded
intriguing, but not necessarily easily interpretable pat-
terns of between population variation. It appears that
we can only understand the evolution of behaviour if we
consider that behavioural traits might sometimes be
under multiple constraints that might be related to
environmental conditions not obviously related to the
trait in question. In addition, it is quite conceivable that
behavioural traits might occasionally evolve by mere
stochastic processes, especially in animals with low or
highly variable population sizes. Ultimately, we will be
better able to understand evolutionary adaptation if we
also consider alternatives to adaptation.
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